Interspecific F l sterility in Glycine likely arises as a consequence of genome diversification between the contributing parents.
More than 95 % of the seed produced by wildtype soybean plants is the result of autogamy, though the soybean flower has retained features that render it attractive to insect pollinators (Erickson, 1975; Erickson and Garment, 1979) . In plants carrying MS-FF mutations, seed production is possible if insect vectors and pollen donors are available. In contrast, soybean plants carrying MS-FS mutations rarely set seed. Sterility in such plants either is due to abnormalities of floral organogenesis that prevent both autogamy and allogamy (Johns and Palmer, 1982) or to the interruption of homologous pairing of chromosomes during meiosis through asynapsis or desynapsis (Hadley and Starnes, 1964; Palmer, 1974a; Palmer and Kaul, 1983) . Seed production by such plants may occur through the infrequent formation of eggs with a complete, or nearly complete, chromosome complement as a consequence of nuclear restitution.
The absolute sterility of MS-FS types limits their potential for application to soybean breeding and genetics. However, the few viable ovules produced by these mutants often generate aneuploid or polyploid seedlings (Palmer 1974b; Palmer and Heer, 1976 ) useful in linkage analyses. MS-FF lines are of greater utility because the potential for the generation of seed via outcrossing is retained. Consequently, the intent of this discussion is to summarize the available knowledge regarding MS-FF soybean plants. It is hoped that this will allow researchers to select the mutation best suited to their 
ORIGIN, INHERITANCE, AND LINKAGE RELA-TIONSHIPS-The available MS-FF mutations,
with the exception of ms5, arose spontaneously in field plantings or breeding populations. The ms5 mutation was induced through mutagenesis (Buss, 1983). Two putative male-sterile mutations have been recovered from tissueculture-derived lines, but gene symbols have yet to be assigned (Graybosch, Edge, and Delannay, 1987a). Field-grown male-sterile soybean plants are recognized by a number of phenotypic characteristics, including diminished pod production, the presence of seedless parthenocarpic ("vestigial") pods, a high frequency of one-seeded and two-seeded pods (male-fertile soybean plants typically produce three-seeded or four-seeded fruit), and the retention of chlorophyll by leaves after seeds have attained physiological maturity. However, references to this battery of features as the "malesterile phenotype" are erroneous. Similar features may be induced through viral or bacterial infections, MS-FS mutations, polyploidy, or chemical pollen sterilants.
To date, MS-FF mutations have been mapped to six distinct, independent loci. Plants homozygous recessive for mutations at any one locus are male sterile. In addition, six independent occurrences of mutations at the msl locus (Palmer, Winger, and Albertsen, 1 978a; Skorupska and Palmer, 1987) and two occurrences at the ms3 locus (Graybosch and Palmer, 1987) have been reported. Mutations at the remaining loci have been isolated once. The Soybean Genetics Committee has suggested that independent mutations at known loci be distinguished by a name designating the place of origin, the cultivar of origin, or some other feature that identifies the occurrence. In accordance with this proposal, independent mutations at male-sterility loci are designated by the place of origin. Cytoplasmic male sterility (CMS) has been reported in soybean. Davis (1985) describes the production of CMS through the combination of the cytoplasm from the cultivar Elf (cytsRJR]R2R2) with two distinct pairs of recessive genes for male sterility (rlrl and r2r2 Abnormal cytokinesis associated with ms] and ms4 might be correlated with aberrant cytoskeletal differentiation. In Lilium, disruption of microtubule formation with colchicine resulted in the production of multinucleate or partly divided microspores if the drug was applied during meiosis (Sheldon and Dickinson, 1986) . Colpi formation also was rendered abnormal; otherwise, pollen wall formation was not affected. Thus, colchicine treatment can result in a pattern of microspore differentiation similar to that induced by the msl mutation. In ms4, cytoskeletal abnormalities also might be induced. However, the abnormalities of pollen-wall formation may be indicative of malfunction of the plasmalemma. Sheldon and Dickinson (1983) suggested that pollen-wall formation in Lilium is dependent upon the insertion of "pre-pattern determinants" in the cell membrane during the meiotic period. Absence of such determinants, or substances interacting with such determinants, might be involved in ms4-induced sterility. However, a potential role for the cytoskeleton in the ms4 system cannot be ignored. Van , 1978) . Thus, the intercellular transport of these compounds from the tapetum to the microspores may be blocked in the ms3 system. Conversely, the inability of the microspores to assimilate and metabolize sporopollenin precursors properly may lead to a source overload in the tapetum, which is followed by intracellular polymerization. Similar though less extensive deposits of sporopollenin were noted within the tapetum and anther locule of ms4 male-sterile plants (Graybosch and Palmer, 1 985b). Buntman and Horner (1983) described tapetal mitochondria as being abnormal in ms3 male-sterile plants. However, Homer (personal communication) has since found that tapetal mitochondria condense and differentiate more cristae as anther maturation progresses. In ms3, and in ms2 tapeta (Graybosch and Palmer, 1 985a), this process is delayed. The mechanism by which polyploid and polyembryonic seedlings arise first was investigated by Cutter and Bingham (1977) . They examined 225 ovules of male-sterile plants and found normal embryo sacs at a frequency of 28%. The most common abnormality was the presence of additional nuclei above the expected number of eight. It was postulated that polyembryony resulted from the genesis of multiple egg cells and that elevated ploidy levels arose through the fusion of the extra nuclei.
The origin of intraovular supernumerary nuclei was elucidated by Kennell and Horner (1985) . The failure of postmeiotic cytokinesis during megasporogenesis resulted in the production of a four-nucleate megaspore. Typically, cytokinesis would lead to the formation of four uninucleate megapores, three of which degenerate. A large number of ovules subsequently abort; however, many undergo successive nuclear divisions, resulting in the production of a megagametophyte bearing 8 to 25 nuclei. The number of egg cells ranges from one to four. Interestingly, the number of synergids in the egg apparatus always is twice the number of eggs, regardless of the frequency of eggs in the ovule. Normal, eight-nucleate embryo sacs were generated either through the cessation of nuclear proliferation after one division or the infrequent completion of postmeiotic cytokinesis. Kennell Carlson and Williams (1985) also have analyzed the response of msp to temperature. They grew mspmsp individuals under four temperature regimes. Daytime temperatures were identical in all test environments (24 C), but nighttime temperatures of 15, 18, 21, and 24 C were utilized. Results of this study demonstrate a highly significant correlation between decreasing night temperature and male fertility. Fertility was highest under the coolest nighttime conditions. At 15 C, fertility was 80% that of male-fertile controls. These results seemingly contrast with those of Stelly and Palmer (1980b). However, the extent of sterility may be a function, not of the absolute temperature, but of the difference between day and night temperatures. In both studies, the greater this difference, the greater the extent of male fertility.
The msp mutation allows one to control male sterility/fertility through the manipulation of environmental conditions. Thus, it provides an excellent tool for the study of the biochemical origins of male sterility. Stelly and Palmer (1982) The production of hybrid soybean seed has been a subject of discussion among soybean workers since the first report of male sterility (Brim and Young, 1971). Three requirements must be satisfied before the production of hybrid soybean is possible: 1) significant yield increases must be realized in the F l generation to justify the planting of more expensive hybrid seed over conventional inbred lines, 2) uniform populations of male-sterile soybean plants must be available to serve as female parents in crossing blocks, and 3) pollen transfer must occur between male-fertile pollen donors and male-sterile plants in hybrid production fields.
The available In each block, rows containing male-sterile plants were surrounded by a unique male-fertile line serving as pollen parent. Male-fertile plants were removed from the male-sterilecontaining rows at flowering. Both honeybees and leafcutter bees were placed in the field at densities of approximately 40,000 and 5,000 per hectare, respectively. Plants were harvested individually at maturity, and the number of seeds per plant was determined. Mean seed yields were determined for each combination of male-sterile by male-fertile line. Weighted means were calculated for each male-sterile parent (averaged over pollen parents). Differences then were compared through use of the Tukey-Kramer method for comparing means based on unequal sample sizes (Sokal and Rohlf, 1981) . Seed yields also were expressed as a percentage of the average male-fertile plant grown in the same environment.
Data are presented in Tables 2 and 3 . In Experiment I, lines carrying ms2 produced nearly twice as many seeds per plant as the remaining lines (Table 2 ). In Experiment II (Table 3) Observations of field-grown male-sterile plants have suggested several management problems that may prevent the production of hybrid soybean seed. In most environments, naturally occurring insect populations must be supplemented by introductions. When natural populations alone are used, seed production by male-sterile plants is markedly reduced (Palmer, Albertsen, and Johns, 1983). Optimal environments must be located to maximize seed production. In Missouri, our highest-yielding male-sterile line produced only 50% the number of seeds as a normal male-fertile plant, while in North Carolina, Carter et al. Harvest operations also might be impaired in hybrid production fields. Unless seed yields on male-sterile plants are substantial, the plants do not dry and senesce properly. This will complicate mechanical harvesting and might necessitate the application of chemical drying agents. Seed quality on male-sterile plants often is poor, perhaps due to the atypical senescence. Senescence will approach that of male-fertile soybeans if seed set is high, but this will require the maintenance of sizable insect populations. Obviously, additional expense will be involved in the production of hybrid soybean and must be offset by substantial yield increases in the Fl. Utilization of nuclear male-sterile soybeans in the testing of heterosis will be instrumental in determining the fate of hybrid soybean.
Lines and triploids (Chen and Palmer, 1985) . The occurrence of bivalents in haploids, tetravalents and hexavalents in triploids, and secondary associations in both types supports the hypothesis of Bernard and Weiss (1973) that the soybean genome arose via polyploidization.
In summary, the MS-FF mutations have provided extensive information on reproductive and physiological phenomena in soybean and have proved to be useful in soybean genetics and breeding. The exact gene products encoded by these loci remain unknown; however, the timing of action ofthese gene products has been identified. Integration of this information with biochemical studies should enhance our knowledge of plant reproductive biology and lead to a greater understanding of the phenomenon of male sterility in plants. LITERATURE 
